Ischemia complicates wound closure. Here, we are unique in presenting a murine ischemic wound model that is based on bipedicle flap approach. Using this model of ischemic wounds we have sought to elucidate how microRNAs may be implicated in limiting wound reepithelialization under hypoxia, a major component of ischemia. Ischemia, evaluated by laser Doppler as well as hyperspectral imaging, limited blood flow and lowered tissue oxygen saturation. EPR oximetry demonstrated that the ischemic wound tissue had pO 2 <10 mm Hg. Ischemic wounds suffered from compromised macrophage recruitment and delayed wound epithelialization. Specifically, epithelial proliferation, as determined by Ki67 staining, was compromised. In vivo imaging showed massive hypoxia inducible factor-1α (HIF-1α) stabilization in ischemic wounds, where HIF-1α induced miR-210 expression that, in turn, silenced its target E2F3, which was markedly down-regulated in the wound-edge tissue of ischemic wounds. E2F3 was recognized as a key facilitator of cell proliferation. In keratinocytes, knock-down of E2F3 limited cell proliferation. Forced stabilization of HIF-1α using Ad-VP16-HIF-1α under normoxic conditions upregulated miR-210 expression, down-regulated E2F3, and limited cell proliferation. Studies using cellular delivery of miR-210 antagomir and mimic demonstrated a key role of miR-210 in limiting keratinocyte proliferation. In summary, these results are unique in presenting evidence demonstrating that the hypoxia component of ischemia may limit wound re-epithelialization by stabilizing HIF-1α, which induces miR-210 expression, resulting in the down-regulation of the cell-cycle regulatory protein E2F3.
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skin | tissue repair | wound healing I n the United States, chronic wounds affect 6.5 million patients. An estimated excess of US$25 billion is spent annually on treatment of chronic wounds and the burden is rapidly growing because of increasing healthcare costs, an aging population, and a sharp rise in the incidence of diabetes and obesity worldwide (1). Ischemia is recognized as a factor that complicates wound healing. Vascular complications commonly associated with problematic wounds are primarily responsible for wound ischemia. Ischemia limits the supply of blood-borne products, including nutrients, oxygen, and circulating cells to the wound site, thereby severely impairing the healing response (2, 3) . Animal wound healing models are important biological tools to understand basic processes of tissue repair and to develop and validate strategies for clinical treatment. Recently we have reported a preclinical largeanimal model of ischemic wounds using a bipedicle flap approach (4) . Although such a model is of high translational significance, enabling examination of clinically relevant problems, such models do not lend themselves to detailed scrutiny of molecular mechanisms because of limited availability of genetically modified animals, antibodies, and other molecular reagents. In this work, we are unique in presenting a report of a murine ischemic-wound model that is based on the approach of our large-animal model. Ischemia limits the supply of blood-borne products to the wound site, including oxygen. Thus, hypoxia is an integral component of ischemia (2) . Using the recently developed murine model we have sought to elucidate how microRNAs may be implicated in limiting wound re-epithelialization under hypoxic conditions.
Results
Survival of skin flaps is known to depend on their dimension, which in turn determines the graded levels of ischemia throughout the flap tissue (5, 6) . We chose to force skin ischemia by adopting a fullthickness bipedicle-flap approach that we have recently described in swine (4) . The goal was to generate an ischemic piece of skin tissue that would survive for at least 2 weeks. First, we focused on optimizing the dimensions of the flap. Our efforts to identify the appropriate dimensions of the flap led to the observation that for bipedicle flaps, the length/breadth ratio of 3:1 that we had optimized in swine (4) was applicable to mice. We selected 30 mm length and 10 mm breadth as the final dimension (Fig. S1A) .
Characterization of the state of tissue ischemia was performed by applying laser Doppler imaging ( Fig. S1 B and C) and hyperspectral scanning (Fig. S2) . Laser Doppler imaging is a useful technique for measuring microvascular perfusion in wounds because it involves no contact and produces a color image representing flow distribution over an area of tissue (7) . Images shown in Fig. S1B demonstrate a clear contrast in blood flow between the flap and adjacent intact skin. The flaps were markedly ischemic compared to the intact skin (Fig. S1C) . Hyperspectral scanning technology has recently emerged as being productive in characterizing tissue ischemia by noninvasively monitoring the tissue oxyhemoglobin and deoxyhemoglobin ratio (8) . This technology has enabled the detection of early changes in the skin microcirculation in patients (9) . The hypoxia component of tissue ischemia was characterized by hyperspectral scanning (Fig. S2) . Compared with the intact skin, the flaps clearly suffered from hypoxic challenge. Quantitative analyses of the images demonstrated that the tissue-oxygen saturation at the ischemic wound site was half of the values collected from the adjacent intact skin (Fig. S2B) . Direct measurement of tissue-oxygen tension using EPR oximetry provided consistent results (Fig. S3B) . In vivo EPR spectra (Fig. S3A ) were obtained using a LiNcBuO probe implanted in mouse skin (Fig. S3C) . The peak-to-peak line widths were used to calculate pO 2 using a calibration curve. The oxygen tension at the ischemic wound site closely matched the values reported from ischemic wounds in patients. Clinically, in nondiabetics, chronic wounds are known to result when the wound-site pO 2 value is lower than 10 mm Hg (10) (11) (12) . Consistently, in our model we noted that the closure of ischemic wounds with pO 2 <10 mm Hg were significantly impaired ( Fig. 1 A and B) . Pair-matched histological characterization of the wound healing biology resulted in the observation that ischemic wounds suffered from impaired reepithelialization ( Fig. 1 C and D) . Infiltration of macrophages into the wound site represents a key component of the acute inflammatory phase of wound healing (13) . With the goal to study the inflammatory response to wounding, macrophages in the tissue sections were detected on day-3 wound sections using the panmacrophage marker F4/80. Macrophage infiltration response was clearly blunted in pair-matched ischemic wounds ( Fig. 1 E and F) .
Wound-edge tissue were stained for keratin-14, the type I cytokeratin that forms the cytoskeleton of epithelial cells. Although the nonischemic healing wound showed clear presence of hyperproliferative epithelium ( Fig. 2A) , development of a hyperproliferative epithelium was severely compromised in the pairmatched ischemic wounds ( Fig. 2A) . Keratinocyte proliferation and migration represents two major events underlying wound reepithelialization. Ki67
+ cells were noted in the basal region of the epithelium. Efforts to understand the mechanisms by which reepithelialization is compromised in ischemic wounds led to the observation that in ischemic wounds epithelial cell proliferation is compromised (Fig. 2B ). Hypoxia inducible factor-1α (HIF-1α) is a transcription factor that is known to regulate the hypoxic cell cycle.
Recently, it has been demonstrated that in murine keratinocytes HIF-1α may arrest cell proliferation (14) . Because HIF-1α is inducible by hypoxia, a component of ischemia (Figs. S1 and S2), the transactivation of HIF-1α was investigated in an in vivo wound setting using a bioluminescent imaging approach. HIF-1α transactivation was markedly stronger in ischemic wounds. The pairmatched difference between nonischemic and corresponding ischemic wounds was most prominent on day 3 postwounding (Fig.  3 ). HIF-1α is known to drive the expression of numerous coding genes. Recent works demonstrate that HIF-1α may also serve as a transcription factor for the expression of noncoding genes, including microRNAs (miRs) (15) . miRs are now known to play a key role in cell proliferation (16) . We observed that ischemic wounds have a higher abundance of the HIF-1α-dependent miR-210 (Fig. 4A ). Of interest, expression of E2F3, which is a known target of miR-210 (17), was significantly lower in ischemic wounds (Fig. 4 B and C) . Immunohistochemical studies identified abundant E2F3 in the epidermis of nonischemic wound (Fig. 4D) . E2F3 in the woundedge tissue of ischemic wounds was markedly down-regulated (Fig.  4E ). These observations point toward a HIF-1α-driven miR210-dependent lowering of the cell proliferation mediator E2F3 in the wound-edge tissue.
To test the significance of HIF-1α in regulating E2F3 and cell proliferation in keratinocytes, studies were performed using human HaCaT keratinocytes commonly used for the study of wound healing (18) . Forced stabilization of HIF-1α in keratinocytes using Ad-VP16-HIF-1α under normoxic conditions provided an approach to specifically study the significance of HIF-1α. HIF-1α stabilization, adopting such genetic approach, resulted in attenu- Immunostaining for macrophages (brown) was performed on day-3 wound sections using the pan-macrophage marker F4/80 (Magnification, ×200). Sections were counterstained using hematoxylin (blue). (F) Macrophage infiltration was quantified using a color subtractive image processing tool. Data shown are mean ± SD; n = 5; *, P < 0.05. ated expression of E2F3 (Fig. 5 A and B) , an observation that was consistent with the results from in vivo studies, suggesting that HIF-1α down-regulates E2F3 via a miR-210-dependent pathway. Knockdown of E2F3 limited cell proliferation, demonstrating the significance of E2F3 in driving the keratinocyte cell cycle. To examine whether HIF-1α stabilization is implicated in driving ischemiainducible miR210 expression, Ad-VP16-HIF-1α was delivered to HaCaT keratinocytes under normoxic conditions to force stabilization of HIF-1α. HIF-1α stabilization in HaCaT under normoxic conditions resulted in marked induction of miR-210 expression, demonstrating that in keratinocytes miR-210 transcription is driven by HIF-1α (Fig. 6A) . Using miR-210 antagomir and mimic, we were able to respectively down-regulate (Fig. 6B ) and up-regulate (Fig.  6C ) miR-210 expression in these keratinocytes. Down-regulation of basal miR-210 levels in keratinocytes significantly increased cell proliferation (Fig. 6D) . Consistently, delivery of miR-210 mimic clearly compromised keratinocyte proliferation (Fig. 6E) . Taken together these data show that, in keratinocytes, HIF-1α drives miR-210 expression, which in turn compromises cell proliferation by targeting E2F3. In summary, these results are unique in presenting evidence demonstrating that the hypoxia component of ischemia may limit wound re-epithelialization by stabilizing HIF-1α, which induces miR-210 expression, resulting in the down-regulation of the cell-cycle regulatory protein E2F3.
Discussion
Ischemic wounds are known to be associated with great loss of both limb and life (19, 20) . Thus, clinically presented ischemic wounds do not readily lend themselves to the study of biological mechanisms because the collection of tissue biopsies at multiple timepoints from the same wound poses ethical challenges. The need for experimental models of ischemic wounds is therefore compelling. Skin flaps represent a proven classical approach to induce ischemia (5, 6, (21) (22) (23) . In this study, the flap dimensions were optimized such that the tissue was ischemic but not necrotic. Such an approach enabled the pair-matched long-term study of a fullthickness wound placed at the most ischemic site of the skin tissue, compared with a similar wound placed on the adjacent perfused skin of the same animal. Ischemia is defined by lowered blood supply to the tissue and therefore compromised microcirculation. Limitations in the ability of the vasculature to deliver O 2 -rich I) ; solid bar, ischemic. Data are mean ± SD; n = 3 for each group; *, P < 0.05; **, P < 0.01; and ***, P < 0.005 compared with nonischemic wounds. blood to the wound tissue leads to, among other consequences, hypoxia. Tissue hypoxia reflects a reduction in oxygen delivery below tissue demand, whereas ischemia is a lack of perfusion, characterized not only by hypoxia but also by insufficient supply of other blood-borne products including nutrients (2) . In this study, the ischemic wounds had significantly lower blood flow as measured by laser Doppler imaging. Consistently, the ischemic wounds were hypoxic. Adult cutaneous tissue repair is accompanied by a robust recruitment of inflammatory cells to the wound site (13) .
Timely recruitment of macrophages is necessary for wound healing (24, 25) . In the nonischemic wounds, macrophage recruitment was markedly compromised, consistent with our observation in the preclinical setting (4) .
Wound closure is the single-most important outcome, as viewed by the United States Food and Drug Administration, when evaluating wound-related therapeutics (26) . Keratinocyte migration and proliferation both play a role in covering skin wounds by the process of re-epithelialization. Defects in this function are associated with the clinical phenotype of chronic nonhealing wounds. Ischemia is known to limit re-epithelialization (27) (28) (29) . In the present study, ischemic wounds suffered from impaired re-epithelialization. Consistent with previous observations, ischemic conditions clearly compromised the formation of hyperproliferative epithelium (4). E2F transcription factors are central to epidermal morphogenesis and regeneration after injury (30) . E2F DNA binding is known to be associated with keratinocyte proliferation (31) . Chromatin immunoprecipitation analysis demonstrated that the cyclin A promoter is predominantly bound in proliferating keratinocytes by complexes containing E2F3 and that E2F3 is implicated in epidermal formation (32) . E2F3, a known target of miR-210 (17), emerges as an important mediator of hypoxia-induced impairment of re-epithelialization of the ischemic wound.
HIF-1α has been widely known as a transcription factor that regulates the expression of several coding genes. miR-210 has recently emerged as a key noncoding gene that is transcriptionally driven by HIF-1α, adding a previously unexplored dimension to HIF-1α's circle of influence in molecular and cell biology. So far, the connection between HIF-1α and miR-210 has been studied in the context of cancer (17, 33) . This work links miR-210 as a key regulator of ischemic wound closure. Recent work demonstrates that miR-210 may repress mitochondrial respiration and associated downstream functions (34) . This association could be of importance in the healing wound, where metabolic demand on mitochondrial metabolism is known to be high. Thus, miR-210-directed therapeutic strategies to address complications in ischemic wound closure may prove to be a prudent consideration.
Materials and Methods
Animals. Commercially available C57BL/6 mice, obtained from Harlan Laboratories Inc., were used for the experiments. Adult (8-week-old mice, ∼25 g in weight) were used for experiments. All studies were performed in compliance with the Institutional Animal Care and Use Committee of Ohio State University. Mice were housed individually after wounding with a 12-h light/ dark cycle and temperature in the institutional animal facilities, and allowed access to food and water ad libitum, as described previously (13) .
Wounding and Planimetry. Mice were anesthetized with an i.p. injection of ketamine (75 mg/kg) and xylazine (5 mg/kg) and then maintained under isoflurane. The dorsum was shaved, cleaned, and sterilized. A bipedicle flap was developed on the back of the mice by making 30-mm-long full-thickness parallel incisions 10 mm apart (Fig. S1A) . Flap edges were cauterized and then sutured to the adjacent skin. Full-thickness excisional wounds were developed in the middle of each flap with a 3-mm disposable biopsy punch. Two more wounds (control nonischemic) were developed similarly in nonischemic skin at the same cranio-caudal location. Digital images of the wounds were taken on the days as indicated. Wound area measurement was done by digital planimetry using Image-J software (NIH), as described previously (4, 35) .
Laser Doppler Measurements. The MoorLDI-Mark 2 laser Doppler bloodperfusion imager (Moor Instruments Ltd.) was used to map tissue blood flow, as described previously (4, 36) .
Hyperspectral Imaging. Hyperspectral imaging was performed using OxyVu-2 system (Hypermed Inc.) according to the manufacturer's instructions, as reported previously (4). EPR Oximetry. EPR oxymetry was performed as described previously (37) . Oxygen-sensing probe octa-n-butoxynaphthalocyanine (LiNc-BuO) particles were implanted in each animal at two locations: in the center of the flap and outside the flap (control), along the same craniocaudal plane. Anesthesia was administered using isoflurane, delivered with room air, during the surgical procedure and EPR measurements. EPR measurements were performed using an L-band (1.2 GHz) spectrometer (Magnettech) and a surfaceloop resonator. The peak-to-peak line widths, obtained from EPR spectra, were used to calculate pO 2 using a calibration curve.
In Vivo Imaging System. HIF-1α transactivation was measured using a HIF-1α response element-luciferase (HRE-Luc) promoter-reporter construct (38) . Ischemic flaps were developed as described above. Each wound was injected intracutaneously with 5 × 10 9 pfu Ad-HRE/LUC. For imaging, the substrate luciferin (Caliper Life Sciences), in 0.9% saline, was injected into the i.p. cavity at a dose of 150 mg/kg body weight and images were collected using an in vivo imaging system Series 100 (Xenogen) equipment after 20 min, with an integration time of 1 min. Overlay images and luminescent measurements were made using Living Image software (Version 2.50.1, Xenogen), as described previously (38) .
Immunohistochemistry. Immunostaining for macrophages was performed on 10-μm thick cryosections of day-3 wounds using the pan-macrophage marker F4/80 (AbD Serotec). Quantitation was performed using a color subtractive technique, as described previously (4, 39) . Epithelial tissue was visualized by immunostaining 10-μm thick cryosections of day-3 wounds for Keratin 14 (Covance) from the center of the wound. Fluorescent images were obtained after incubating with Alexa488 conjugated secondary antibody and counterstaining with DAPI. The cell proliferation marker Ki67 (Dako Cytomation) was used to immunostain day-3 cryosections. Positively stained cells are seen in the basal region of the epithelium. Ki67 + cells were enumerated along the length of the wound-edge epithelium and expressed as number of positive cells per millimeter of the wound-edge epithelium. Positive cells were counted using the "Measure Events" function of the Axiovision V4.6 software (Carl Zeiss Microimaging).
Western Blot. Western blot was performed as described previously (4, 13, 40) . Primary antibodies against E2F3 (dilution 1:4,000, Lifespan Biosciences), β-actin (dilution 1:5,000, Sigma-Aldrich), and GAPDH (dilution 1:10,000) were used to detect these antigens.
Hif-1α Stabilization in Human Keratinocytes. Adenoviruses expressing a plasmid encoding a fusion protein of amino acids 1 to 529 of HIF-1α and the herpes simplex virus VP16 transactivation domain (pBABE-puro-HIF-1α-VP16) and a control plasmid encoding only VP16 (pBABE-puro-VP16) were used for transfecting the cells (41) . HaCaT cells were grown in standard 12-well plates to 75% confluence. Next, cells were transfected with 2.3 × 10 9 pfu Ad-VP16-HIF-1α or with the empty vector as control in 750 μL of media. Subsequently, 750 μL of additional media was added 4 h later and the cells were incubated for 72 h.
Cell Culture. Human immortalized keratinocytes (HaCaT) were grown under standard culture conditions (at 37°C in a humidified atmosphere consisting of 95% air and 5% CO 2 ) in DMEM growth medium supplemented with 10% FBS, 100 IU/mL penicillin, 0.1 mg/mL streptomycin, and 10 mmol/L L-glutamine (GIBCO-BRL) as described previously (18) .
siRNA/miRNA Delivery to Cells. Transfection of HaCaT cells was performed as described (42) . Briefly, HaCaT cells (0.2 × 10 6 cells per well in 12-well plate)
were seeded in antibiotic-free DMEM medium 24 h before transfection. DharmaFECT 1 transfection reagent (Dharmacon RNA Technologies) was used to transfect cells with 100 nmol/L siRNA smart pool, for human E2F3, or hsa-miR210 stem-loop inhibitor and hsa-miR-210 mimic (Dharmacon Technologies). Transfection of nontargeting siRNA/or miRNA inhibitor negative controls was performed for the control groups. Cells were harvested after 72 h of such treatments.
Quantification of mRNA and miRNA Expression Levels. Total RNA, including the miRNA fraction, was isolated using mirVana miRNA isolation kit, according to the manufacturer's protocol (Ambion Inc.). Specific Taqman assays for miRNA (Applied Biosystems) and mirVana qRT-PCR miRNA RT Kit (Applied Biosystems) were used with real-time PCR system and Taqman universal master mix. Levels of miRNA were quantified with the relative quantification method using either snoRNA or miR-16 as the housekeeping miRNA. The transcription levels of E2F3 and house keeping control β-actin was quantified using SYBR green-I (Applied Biosystems). Expression levels of miRNA and mRNA were quantified employing the 2 (-ΔΔct) relative quantification method.
Cell Proliferation Assay. Transfected cells were reseeded in 96-well plates and assayed for cell proliferation using CyQUANT cell proliferation assay kit (Invitrogen) as previously described (42).
Statistics. Pair-matched ischemic and nonischemic wounds in the same mouse were compared by paired t test. Student's t test was used for all other comparison of difference between means. P < 0.05 was considered significant.
